Congenital human cytomegalovirus (HCMV) infection is a leading cause of birth defects, primarily manifesting as neurological disorders. HCMV infection alters expression of cellular microRNAs (miRs) and induces cell cycle arrest, which in turn modifies the cellular environment to favor virus replication. Previous observations found that HCMV infection reduces miR-21 expression in neural progenitor/stem cells (NPCs). Here, we show that infection of NPCs and U-251MG cells represses miR-21 while increasing the levels of Cdc25a, a cell cycle regulator and known target of miR-21. These opposing responses to infection prompted an investigation of the relationship between miR-21, Cdc25a, and viral replication. Overexpression of miR-21 in NPCs and U-251MG cells inhibited viral gene expression, genome replication, and production of infectious progeny, while shRNAknockdown of miR-21 in U-251MG cells increased viral gene expression. In contrast, overexpression of Cdc25a in U-251MG cells increased viral gene expression and production of infectious progeny and overcame the inhibitory effects of miR-21 overexpression. Three viral gene products-IE1, pp71, and UL26 -were shown to inhibit miR-21 expression at the transcriptional level. These results suggest that Cdc25a promotes HCMV replication and elevation of Cdc25a levels after HCMV infection are due in part to HCMV-mediated repression of miR-21. Thus, miR-21 is an intrinsic antiviral factor that is modulated by HCMV infection. This suggests a role for miR-21 downregulation in the neuropathogenesis of HCMV infection of the developing CNS.
H uman cytomegalovirus (HCMV) infects 50 to 90% of the population worldwide, with extremely high seroprevalence in China (over 90%). This virus is medically important, causing congenital infection with lifelong disabilities resulting from neurological damage (1) (2) (3) , as well as significant life-threatening disease in immunocompromised individuals (4) . Productive infection occurs in a wide range of cell types in vivo and in vitro, including fibroblasts and epithelial and endothelial cells. More interestingly, HCMV also replicates in neural cells of glia, immature neurons, and neural progenitor/stem cells (NPCs), as well as in glioblastoma and neuroblastoma cell lines (5) (6) (7) (8) (9) . Increasingly, observational studies have indicated that HCMV is associated with glioblastoma (10) (11) (12) (13) , and recent reports find that this virus establishes persistent/latent infection in T98G glioblastoma cells (14, 15) . The brain and auditory system (16) (17) (18) are the end-organ sites where damage manifests as sensorineural hearing loss (SNHL), mental retardation, and developmental delays (3, (19) (20) (21) (22) (23) . However, the neuropathogenesis of congenital HCMV infec-tions, including regulation of virus replication in neural cells, is poorly understood.
HCMV, a member of the ␤-herpesvirus subfamily, contains a linear double-stranded DNA genome of 235 kb. During productive infection viral genes are expressed temporally and classified into immediate-early (IE), early, and late kinetic classes (24) . To establish a beneficial environment for virus replication, HCMV has developed ways to alter cell cycle and inhibit cell death pathways. The virus utilizes cellular machinery to express viral genes and initiate virus replication, especially during the IE phase. Infection also alters expression of cellular gene products involved in cell cycle regulation, DNA damage-repair, and intrinsic defense mechanisms (25) (26) (27) (28) (29) (30) . For example, cellular cyclin A2-CDK inhibits HCMV IE gene expression (31, 32) and promotes quiescent infection (33) , while p53, a cell cycle regulator, is required for efficient HCMV replication (28, 34) . Viral gene expression starts immediately after the viral genome enters the nucleus. A subsequent complex network of virus-cell interactions regulates the cascade of viral gene expression. MicroRNAs (miRs) are one family of cellular factors that regulate viral replication. These 20-to 24-nucleotide (nt) RNAs contribute to the regulation of organogenesis, cell proliferation, differentiation and apoptosis, determination of stem cell fate, virus infection, and antiviral immune responses (35) (36) (37) (38) . miRs cause degradation of target mRNAs through perfect and imperfect complementation between a seed sequence in the miR and target sequences, typically located within the 3=UTR or sometimes the 5=UTR of the target mRNA (39) . Some miRs directly target viral mRNAs, while others act indirectly via cellular genes that in turn impact viral gene expression (40) (41) (42) (43) . For example, miR-155 inhibits Epstein-Bar virus (EBV) lytic infection and plays a role in maintenance of latency (44) , miR-498 and miR-330d reduce Kaposi's sarcoma-associated herpesvirus (KSHV) replication by targeting the viral RTA (43, 45) , and miR-100 and miR-101 attenuate HCMV replication via the mTOR pathway (41) .
Cellular miRs are also altered in response to viral infection. For example, miR-155 is upregulated by EBV infection (40, 46) , miR-21 is upregulated by EBV (40, 47) and hepatitis C virus infection (48) , and miR-17, miR-20, miR-96, miR-182, and miR-183 are upregulated, while miR-21, miR-99, miR-100, and miR-101 are downregulated by HCMV infection (41, (49) (50) (51) .
In previous work we found that miR-21 is downregulated during HCMV infection of NPCs (50) or fibroblasts (41) . miR-21 is important in regulating cell cycle and for controlling tumor growth and inducing apoptosis (52) . The tumor suppressors PDCD4, PTEN, and TPM1 and cancer-related genes such as Cdc25a, an oncogene, are all targets of miR-21 regulation (53) (54) (55) (56) . Cdc25a is a member of the CDC25 phosphatase family and participates in G 1 -to-S transition (57, 58) . Since HCMV infection causes cell cycle arrest at G 1 /S and G 2 /M (59, 60) , understanding the interplay of miR-21 and Cdc25a during HCMV infection in neural cells may provide insights into neuropathogenesis.
In the present study, we show that miR-21 impedes HCMV replication by reducing viral protein expression and expression of cellular Cdc25a. Consistent with a role for Cdc25a in promoting virus replication, overexpression of Cdc25a reversed the negative effects of miR-21 overexpression on HCMV replication. Elevation of Cdc25a levels during HCMV infection is due in part to HCMVmediated repression of miR-21. Thus, miR-21 has intrinsic antiviral effects that could be exploited for antiviral development.
MATERIALS AND METHODS
Ethics statement. The Wuhan Institute of Virology Institutional Review Board approved (WIVH10201202) the isolation of primary human embryonic lung fibroblasts (HELs) and NPCs from postmortem fetal embryo tissue and waived the need for consent. The original source of the postmortem fetal embryo tissue was Zhongnan Hospital (61, 62) .
Cells and cell culture. NPCs were propagated using growth medium (GM; Dulbecco modified Eagle medium [DMEM]/F-12 supplemented with 2 mM GlutaMAX, penicillin-streptomycin [100 U/ml and 100 g/ ml], 1.5 g/ml amphotericin B, 50 g/ml gentamicin [Gibco/Life Technology], 10% BIT9500 [Stem Cell Technologies], and 20 ng/ml EGF and 20 ng/ml bFGF [Prospect]) as described previously (6, 50, 61) . Human U-251MG (human neuronal glioblastoma/astrocytoma, CLS 300385) and HEK293T (American Type Culture Collection [ATCC], CRL-321) cells were cultured in DMEM (Gibco/Life Technology); HELs were cultured in minimal essential medium (MEM; Gibco/Life Technology). Both DMEM and MEM were supplemented with 10% fetal bovine serum (Gibco/Life Technology), glutamine (2 mM, Gibco/Life Technology), and penicillin-streptomycin (100 U/ml and 100 g/ml). Cells were maintained at 37°C in a humidified atmosphere containing 5% CO 2 .
Virus and virus infection. HCMV strain Towne (ATCC-VR977) was propagated in HELs as described previously (61) (62) (63) . To prevent fetal bovine serum-induced NPC differentiation, the virus used for NPC infection was concentrated and resuspended in GM as described previously (61) . UV-inactivated HMCV was prepared and used as described previously (64) . NPCs (3 ϫ 10 6 cells/100-mm dish) were infected with HCMV at a multiplicity of infection (MOI) of 3 without synchronization (50) . U-251MG cells were synchronized in G 0 by serum starvation for 48 h and then treated with trypsin and reseeded onto poly-D-lysine-coated dishes (10 6 cells/100-mm dish). Cells were infected with HCMV after attachment for 1 h. Infected cells were harvested by trypsinization, counted, pelleted, snap-frozen in liquid nitrogen, and stored at Ϫ80°C until infection time course completed.
Plasmid construction. The primers used for plasmid construction are listed in Table 1 ; plasmid applications are presented in Table 2 .
Lentiviral vectors. Lentiviruses were constructed using the pCDH-CMV-MCS-EF1-copGFP system (System Biosciences). Cellular sequences were amplified from cDNA produced from NPCs. Viral sequences were amplified from cDNA produced from HCMV-infected (strain Towne) HELs. Plasmid pCDH-miR-21-GFP contains a 421-bp miR-21 fragment that includes the 72-nt miR-21 hairpin; pCDH-miR-UL22A-GFP, described previously (62) , was used as a control. Plasmid pCDH-Cdc25a-GFP contains only the Cdc25a open reading frame (ORF; without its 3= untranslated region [3=UTR]), while plasmid pCDH-Cdc25aϩWT-3=UTR-GFP contains the Cdc25a ORF and the native 1,765-nt 3=UTR. A mutation in the miR-21 binding site within the 1,765-nt 3=UTR was made by overlapping PCR, and the resulting construct was named pCDH-Cdc25aϩMT-3=UTR-GFP. Plasmids pCDH-IE1-GFP, pCDH-IE2-GFP, pCDH-pp65-GFP, and pCDH-pp71-GFP contain full-length ORFs encoding viral proteins IE1 (UL123), IE2 (UL122), pp65 (UL83), and pp71 (UL82), respectively. Plasmid pCDHflag-UL26-GFP contains a modified UL26 ORF that encodes an N-terminal flag epitope-UL26 fusion protein by incorporating the appropriate sequences into the forward PCR primer.
Lentiviral vectors with shRNAs. Lentiviruses to knock down miR-21 were constructed using lentiviral vector pLKO.1 puro (Addgene). Three short hairpin RNAs (shRNAs) that specifically target the primary miR-21 sequence and a scrambled shRNA that does not target any human or virus genes were designed (http://jura.wi.mit.edu/bioc/siRNAext/), synthesized, and inserted into AgeI/EcoRI-digested pLKO.1 puro to make pLKO.1-shRNA-21-1, pLKO.1-shRNA-21-2, pLKO.1-shRNA-21-3, and pLKO.1-scramble, respectively. shRNA-21-1, shRNA-21-2, and shRNA-21-3 target the primary miR-21 sequence at positions 296 to 317, 271 to 293 and 195 to 215, respectively.
Quantitative PCR (qPCR) standards. The HCMV UL83 ORF was PCR amplified from HCMV (strain Towne) DNA. GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was amplified from cellular DNA. UL83 or GAPDH PCR products were cloned into pcDNA3.0 to make plasmids pcDNA3.0-UL83 and pcDNA3.0-GAPDH, respectively.
Reporter and effector constructs. Plasmid pGL3-miPPR21 was produced by inserting a 712-nt region of the miR-21 promoter upstream of the luciferase ORF in pGL3-Basic (Promega). Plasmids pGL3cM-Cdc25a-3=UTR and pGL3cM-CCNE2-3=UTR were constructed by inserting a 1,765-nt region of the Cdc25a 3=UTR (containing the predicted miR-21 target site) or a 1,213-nt region of the CCNE2 3=UTR (lacking mR-21 target sequences) 3= of the luciferase expression cassette in pGL3cM (Promega) (65) .
Lentivirus preparation and transduction. Defective-lentivirus stocks were prepared as described previously (66) . In brief, 1.5 ϫ 10 6 HEK293T cells were seeded in 100-mm dishes. On the following day, 15 g of pCDH-CMV-MCS-EF1-copGFP (empty vector, here abbreviated as pCDH-GFP) or lentiviral vector plasmids (described above) were cotransfected with 12 g of pML-⌬8.9 and 8 g of pVSV-G (System Biosciences) via CaPO 4 precipitation. The cells were refed 24 h posttransfection with fresh DMEM containing 10% fetal bovine serum, and the transfection efficiency was monitored by green fluorescent protein (GFP) detection. Lentiviruses released into the culture media were harvested at 48 or 72 h posttransfection, clarified of cell debris by centrifugation, and frozen at Ϫ80°C. Stocks were titrated by transducing HEK293T cells with 10-fold serial dilutions in 96-well plates and counting GFP-positive cells at 48 h posttransduction (hpt).
U-251MG cells were transduced at an MOI of 10, and NPCs were transduced at an MOI of 1. Medium was replaced with fresh medium at 3 (NPCs) or 24 (U251 MG cells) hpt. Cultures in which Ͼ90% of cells were GFP positive at 48 to 72 hpt were evaluated for transgene expression by qRT-PCR or Western blotting prior to HCMV infection. For shRNA knockdown of miR-21, HEK293T or U-251MG cells were transduced pCDH-miR-21-GFP Ectopic expression of miR-21 pCDH-miR-UL22A-GFP Ectopic expression of miR-UL22A pCDH-Cdc25a-GFP Ectopic expression of Cdc25a pCDH-Cdc25aϩWT-3=UTR-GFP Ectopic expression of Cdc25a; impact of miR-21 on Cdc25a expression pCDH-Cdc25aϩMT-3=UTR-GFP Impact of miR-21 on Cdc25a expression pCDH-IE1-GFP Ectopic expression of IE1; impact of IE1 on miR-21 pCDH-IE2-GFP Ectopic expression of IE2; impact of IE2 on miR-21 pCDH-pp65-GFP Ectopic expression of pp65; impact of pp65 on miR-21 pCDH-pp71-GFP Ectopic expression of pp71; impact of pp71 on miR-21 pCDH-flag-UL26-GFP Ectopic expression of UL26; impact of UL26 on miR-21 pGL3-miPPR- 21 Impact of HCMV proteins on luciferase expression from the miR-21 promoter pGL3cM-Cdc25a-3=UTR Impact of miR-21 on luciferase expression with the 3=UTR from Cdc25a pGL3cM-CCNE2-3=UTR Impact of miR-21 on luciferase expression with a negative control 3=UTR pLKO.1-shRNA-21 miR-21 knockdown pcDNA3.0-UL83
Standard for viral genome quantification by qPCR pcDNA3.0-GAPDH Standard for cellular genome quantification by qPCR with lentiviruses (MOI ϭ 10) derived from pLKO.1-shRNA-21-1, -2, -3, or -scramble, and the miR-21 levels were measured by qRT-PCR. qPCR. HCMV-infected synchronized U-251MG cells or asynchronous NPCs were harvested at 8, 24, 48, 72, 96, and 120 h postinfection (hpi). Cell pellets were processed for DNA extraction using a genome extraction kit (Tiangen Biotech) according to the manufacturer's instructions. DNA concentrations were determined using a NanoDrop ND-1000 (Thermo Scientific, USA). Real-time qPCR was conducted using a CFX-96 Connect system (Bio-Rad) with iQ SYBR green Supermix (Bio-Rad). Then, 20-l PCRs included 20 ng of DNA, 10 l of 2ϫ qPCR mix, and 250 nM concentrations (each) of forward (F) and reverse (R) primers. UL83-CN F and R primers were used to quantitate HCMV DNA and GAPDH-CN F and R primers were used to quantitate cellular DNA (Table  3 ). Tenfold serial dilutions of plasmids pcDNA3.0-UL83 and pcDNA3.0-GAPDH were used to generate standard curves. Reactions were denatured at 95°C for 3 min, followed by 40 two-step cycles at 95°C for 10 s and 60°C for 30 s. Viral genome copy numbers were normalized to GAPDH copies to produce viral genome copies/cell. All reactions were conducted in triplicate. The results reported are means Ϯ the standard deviations (SD) from three independent experiments.
Quantitative reverse transcriptase PCR (qRT-PCR). Total RNA was extracted from cell samples using TRIzol reagent according to the manufacturer's protocol (Invitrogen). DNA was removed with 10 U of RNasefree DNase I (Fermentas) in a reaction mixture containing 10 g of RNA and 1 U of RNase inhibitor (Fermentas) at 37°C for 30 min. The quality of RNA samples was examined by electrophoresis and detected using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific). To examine mature miR-21 levels, 2 g of RNA from each sample was reverse transcribed with miR-21-specific stem-loop primers or U6-specific primers using RevertAid H Minus M-MuLV reverse transcriptase (Fermentas) by a method modified from a previous description (67) . In brief, miR-21 RT primers, U6 RT primers were mixed with 2 g of RNA and incubated at 70°C for 10 min, then cooled on ice for 2 min. Reaction buffer, deoxynucleoside triphosphate mix, RNase inhibitor and M-MuLV reverse transcriptase were added to a final 20-l reaction volume. The reverse transcription (RT) reaction mixtures were incubated at 16°C for 30 min, 42°C for 60 min, and 70°C for 5 min. For the detection of target gene expression, 500 ng of RNA was reverse transcribed using PrimeScript II RTase (Tarkara) according to the manufacturer's instructions. Real-time PCR (qPCR) was conducted on a CFX-96 Connect system (Bio-Rad) with the iQ SYBR green Supermix (Bio-Rad). First, 20-l PCRs included 2 l of RT reaction product, 10 l of 2ϫ qPCR mix, and 250 nM concentrations of F and R primers. The reaction mixtures were denatured at 95°C for 3 min, followed by 40 two-step cycles of 95°C for 10 s and 60°C for 30 s.
All reactions were run in triplicate for each experiment. The results were obtained from three independent experiments and are presented as means Ϯ 1 SD. miR-21 expression levels were normalized to U6 expression, and GAPDH was used as an internal standard for target gene expression levels. The primers used in qRT-PCR are listed in Table 3 .
Luciferase assays. HEK293T cells were seeded in 12-well plates (2.5 ϫ 10 5 cells/well). The next day cells were transfected via CaPO 4 precipitation. The medium was changed 8 h posttransfection. To evaluate the effect of miR-21 on its Cdc25a target sequence, 1 g of pGL3cM-Cdc25a-3=UTR or pGL3cM-CCNE2-3=UTR was cotransfected with 10 ng of pCMV-SPORT-␤-gal (kindly provided by J. A. Melendez at the College of Nanoscale Sciences and Engineering, Albany, NY) and 1 g of pCDH-miR-21-GFP or vector control pCDH-GFP. To assess the effects of viral proteins on miR-21 promoter activity, 1.5 g of pCDH-IE1-GFP, pCDH-IE2-GFP, pCDH-pp65-GFP, pCDH-pp71-GFP, pCDH-flag-UL26-GFP, or the vector control pCDH-GFP was cotransfected with 10 ng of pCMV-SPORT-␤-gal and 500 ng of pGL3-miPPR-21. The cells were harvested with reporter lysis buffer at 48 h posttransfection, and the luciferase activities were determined using a luciferase assay kit (Promega, catalog no. E4036) as described previously (68) . The ␤-galactosidase activities were measured using a ␤-galactosidase enzyme assay system (Promega). To control for variations in transfection efficiencies, the luciferase activities were normalized to the ␤-galactosidase activities. The relative luciferase activities were then determined by normalization to results from vector controls. All reactions were conducted in triplicate. The results reported are means Ϯ the SD from three independent experiments.
Immunofluorescence assay. Synchronized lentivirus-transduced U-251MG cells were seeded onto uncoated dishes containing poly-D-lysine-coated coverslips, allowed to attach for 1 h, and then infected with HCMV at an MOI of 0.5 or 5. At the indicated time points, the coverslips were harvested and fixed with 3% formaldehyde, and the HCMV protein expression was detected using specific antibodies as described previously (69) . More than 300 cells in at least six random fields were counted per group. Images were obtained with a Nikon Eclipse 80i fluorescence microscope equipped with a Nikon DS-Ri1 camera and NIS-Elements F3.0 software. Each experiment was repeated three times.
Western blotting. Cell pellets were lysed in radioimmunoprecipitation assay buffer, and cell lysates were prepared as described elsewhere (28) . After sonication, protein concentrations were determined using a BCA protein assay kit (Beyotime). Equal protein quantities were separated by SDS-PAGE and transferred to polyvinylidene difluoride membranes (Millipore). Membranes were probed with antibodies as previously described (61) . Primary antibodies included mouse monoclonal antibodies against HCMV-IE1 (clone p63-27; IgG2a) and HCMV-gB (clone 27-156; IgG2b), against HCMV-IE1/2 (clone Ch16), HCMV-UL44, and HCMV-pp65 (IgG1; Virusys), against HCMV-Cdc25a and HCMV-␤-actin (IgG; Santa Cruz Biotechnology), against HCMV-flag (IgG; Sigma-Aldrich Co., LLC), and against goat polyclonal antibody to pp71 (Santa Cruz Biotechnology). Secondary antibodies included horseradish peroxidase-conjugated sheep anti-mouse IgG (Amersham Bioscience), donkey anti-rabbit IgG (Amersham Bioscience), or donkey antigoat IgG (Proteintech Group). Signals were quantitated by densitometry using the ImageJ software package.
Statistical analyses. Each experiment was performed in triplicate. The data were averaged from three independent experiments and analyzed by one-way analysis of variance. The results were represented as means Ϯ the SD. Differences were considered to be significant when P values were Ͻ0.05.
RESULTS

miR-21 and Cdc25a are inversely affected by HCMV infection.
Previous work demonstrated that HCMV can replicate in NPCs, NPC-derived glia and neurons, as well as certain neural cell lines, including the malignant glioblastoma cell line U-251MG and the neuroblastoma cell line SH-SY5Y (6, 15, 70) . To confirm that 
U-251MG cells can be productively infected, synchronized U-251MG cultures were infected with HCMV and stained for IE1 protein expression 24 hpi. All cells were IE1-positive after infection at an MOI of 5, confirming efficient viral entry and IE gene expression in these cells. Expression of viral proteins and production of infectious progeny were further determined by Western blotting and plaque assay. Viral proteins representing IE (IE1/ IE2), early (UL44), and late (gB) phases of replication were detected in infected cells, and levels of infectious viral progeny in the culture supernatants increased with time, indicating that U-251MG cells are fully permissive to HCMV replication (data not shown).
Previous studies indicated that expression of miR-21 is downregulated by HCMV in NPCs (50) . Cdc25a, a confirmed target of miR-21, is required for promoting cells from G 1 to S phase, which is believed to benefit HCMV replication (27, 30, 56) . To determine the levels of miR-21 and Cdc25a during HCMV infection of neural cells, NPCs and U-251MG cells were infected with HCMV, and then the miR-21 and Cdc25a mRNA levels were quantitated by qRT-PCR at different times postinfection. In both cell types, miR-21 levels decreased as early as 2 hpi and declined to ca. 60% of uninfected controls by 96 hpi (Fig. 1A and B ). In contrast, Cdc25a mRNA levels increased upon HCMV infection. In the first 12 hpi modest increases of 1.2-to 1.4-fold occurred in both cell types. Cdc25a mRNA levels in NPCs increased abruptly (4-fold) at 24 hpi and then declined gradually but remained Ͼ3-fold elevated (Fig. 1A) . In U-251MG cells Cdc25a mRNA levels increased gradually throughout infection to reach a maximal induction of 8.4fold at 96 hpi (Fig. 1B) . Cdc25a protein levels also increased after HCMV infection of both cell types (Fig. 1C and D) . These results demonstrate that expression of miR-21 and Cdc25a are differentially modulated by HCMV infection, which led us to speculate whether miR-21 and Cdc25a may play a different role in influencing HCMV replication.
Virus replication is suppressed by overexpression of miR-21 in neural cells. To evaluate the effects of miR-21 on HCMV infection, U-251MG cells and NPCs were transduced with lentivirus expressing miR-21 (pCDH-miR-21-GFP), a control miRNA of miR-UL22A (pCDH-miR-UL22A-GFP) or an empty vector (pCDH-GFP). HCMV miR-UL22A, which has no effect on HCMV replication (62) , was used as a control miRNA. U-251MG cells and NPCs were transduced at an MOI of 10 and 1, respectively, since the cell morphology of NPCs were affected during transduction with MOI of 10. Lentivirus transduction efficiencies were monitored by determining the percentage of GFP-positive cells. At 72 hpt, 100% of the resulting U-251MG cells (miR-21-U-251MG, Fig. 2A, left) and ca. 70% of NPCs were GFP positive (data not shown). miR-21 expression levels were quantitated by qRT-PCR and normalized to control cells. A 4-fold level of miR-21 overexpression was achieved in U-251MG cells at 48 hpt ( Fig. 2A , right) and 1.5-fold in NPCs (data not shown).
The resulting miR-21 expressing U-251MG cells or NPCs were then infected with HCMV at an MOI of 1, and samples from replicate cultures were harvested at 8, 24, 48, and 72 hpi. The levels of viral proteins (IE1, UL44, and gB) and the cellular Cdc25a protein levels were determined by Western blotting, intracellular HCMV genome copy numbers were determined by qPCR, and the release of infectious progeny was evaluated by plaque assay. Significant decreases were observed in HCMV protein expression, DNA synthesis, and infectious virus yield. Compared to controltransduced U-251MG cells, miR-21-U-251MG cells contained smaller amounts of IE1 at 8, 24, and 48 hpi, less UL44 at 24, 48, and 72 hpi, and less gB at 48 and 72 hpi. Accordingly, Cdc25a protein levels increased progressively during infection of both miR-21-U-251MG cells and control cells, Cdc25a levels in miR-21-U-251MG cells were clearly lower than in controls at 24 and 48 hpi (Fig. 2B) . Accompanying the changes of viral proteins and Cdc25a protein, HCMV genome copy numbers were significantly reduced in infected miR-21-U-251MG cells at 48, 72, and 96 hpi (Fig. 2C) , and the supernatants contained 7.5-and 4.0-fold less infectious virus than those of control cells at 72 and 96 hpi, respectively (Fig. 2D ). Similar attenuation of HCMV replication was observed in miR-21-overexpressing NPCs (data not shown). Together, these results are consistent with miR-21 attenuation of HCMV replication in both NPCs and U-251 MG cells.
Knockdown of miR-21 enhances Cdc25a and HCMV gene expression. To further assess the effects of miR-21 on HCMV replication, miR-21 expression was knocked down in U-251MG cells by lentiviral transduction. Three lentiviruses expressing different shRNAs (sh21-1, sh21-2, and sh21-3) targeting miR-21 or a control lentivirus expressing a scrambled shRNA sequence (Scram) were used to transduce HEK293T or U-251MG cells. The results from U-251MG cells are shown in Fig. 3 ; similar results were obtained in HEK293T (not shown). The lentivirus expressing sh21-1 reduced miR-21 expression most efficiently (Fig. 3A) and was used for subsequent studies. Compared to Scram control transduced cells, transduction of U-251MG cells with the sh21-1expressing lentivirus reduced miR-21 levels by 60% and increased Cdc25a mRNA levels by 33%. Cdc25a protein increased 3-fold ( Fig. 3B ). Transduced U-251MG cells were infected with HCMV at an MOI of 0.5. miR-21 knockdown resulted in 1.37-to 4.2-fold increases in IE1 and UL44 protein levels at 24 and 48 hpi and significant increases (2.0-to 6.6-fold) in Cdc25a at both 24 and 48 hpi (Fig. 3C) .
Overexpression of Cdc25a enhances HCMV replication and counteracts inhibition by miR-21.
Cdc25a is a host factor involved in cell cycle regulation and promotes G 1 to S transition (57, 58) . However, in HCMV-infected fibroblasts the upregulation of Cdc25a does not result in cell cycle progression, but rather, the cells are arrested at G 1 /S (59, 60) . To confirm that similar arrest occurs in U-251MG cells, the impact of HCMV infection on cell cycle in U-251MG cells was studied. At 24 h after release from serum starvation only 28% Ϯ 0.4% of mock-infected cells remained in G 0 /G 1 and 52.6% Ϯ 12% had progressed to S phase, whereas 62% Ϯ 0.9% of infected cells remained in G 0 /G 1 and only 26.2% Ϯ 1.3% had progressed to S phase (data not shown). Thus, as in fibroblasts, HCMV infection of U-251MG cells also results in G 1 /S arrest. That HCMV upregulates Cdc25a suggests that, despite the context of cell cycle arrest, increased Cdc25a levels may (21) or a control miRNA, miR-UL22A (Ctrl).Cellular morphology was monitored by phase-contrast microscopy, and the transduction efficiency was determined by the detection of lentivirus-encoded GFP at 48 hpt (left). The miR-21 levels at 48 hpt were quantified by qRT-PCR and expressed as fold differences relative to Ctrl (right). (B) Transduced U-251MG cells were infected with HCMV at an MOI of 1, and viral and cellular proteins were detected by Western blotting at the indicated times postinfection. Protein levels relative to Ctrl were determined by densitometry and are indicated below each blot. Actin serves as a loading control. (C) HCMV DNA copy number per cell was determined by qRT-PCR and standardized to cellular DNA (GAPDH) copy number. (D) Titers of infectious virus in the culture supernatants at 72 and 96 hpi were determined by plaque assay. The fold differences are indicated. miR-21, HCMV genome copy number, and virus titer results are means Ϯ 1 SD of data from three independent experiments, each conducted in triplicate. *, P Ͻ 0.05; **, P Ͻ 0.01. somehow benefit HCMV replication. Since HCMV infection arrests cell cycle at G 1 /S and upregulates Cdc25a (71), the increase in Cdc25a induced by HCMV infection may be beneficial for HCMV replication. Moreover, the observation that HCMV downregulates miR-21 and Cdc25a is a target of miR-21 (72) further suggests that upregulation of Cdc25a may be, at least in part, a consequence of reduced miR-21 levels. Conversely, inhibition of HCMV replication by overexpression of miR-21 may, in part, result from impaired induction of Cdc25a.
To address these questions, miR-21 inhibition of Cdc25a expression was first confirmed using transient-transfection assays. Figure 4A shows miR-21 with its seed sequence aligned with the target sequence from the 3=UTR of Cdc25a. HEK293T cells were transfected with one of two reporter plasmids: one encoding luciferase with a 3=UTR from Cdc25a that contains the miR-21 target sequence (pGL3cM-Cdc25a-3=UTR), and the other encoding luciferase with a control 3=UTR lacking miR-21 target sequences or expressing a scrambled sequence control shRNA (Scram). miR-21 levels were quantified by qRT-PCR and expressed as fold differences relative to Scram. (B) miR-21 and Cdc25a mRNA levels were quantified by qRT-PCR in U-251MG cells transduced with the sh21-1 lentivirus and expressed as fold differences relative to Scram lentivirus-transduced cells (left). Cdc25a protein levels in replicate cultures were determined by Western blotting (right). Relative protein levels were determined by densitometry and are indicated below each blot. Actin serves as a loading control. (C) Transduced U-251MG cells were infected with HCMV at an MOI of 0.5, and viral and cellular proteins were detected by Western blotting at 24 and 48 hpi. The protein levels relative to Scram-transduced cells were determined by densitometry and are indicated below each blot. Actin serves as a loading control. qRT-PCR results are means Ϯ 1 SD of data from three independent experiments, each conducted in triplicate. **, P Ͻ 0.01.
FIG 4 Overexpression of Cdc25a enhances HCMV replication in U-251MG
cells. (A) Potential base pairing is indicated by vertical lines between the seed sequence of miR-21 (bold) and its target sequences within the wild-type (WT) 3=UTR of Cdc25a. Mutation (MT) of the miR-21 target sequence is predicted to eliminate miR-21-mediated repression. (B) HEK293T cells were cotransfected with plasmids expressing miR-21 or control miRNA miR-UL22A, along with reporter plasmids encoding luciferase, followed either by the Cdc25a 3=UTR (Cdc25a) or a control 3=UTR (CCNE2). The luciferase activities were measured at 48 h posttransfection and are expressed as percent differences relative to cells cotransfected with the CCNE2 and miR-UL22A-expressing control plasmids. (C) For the left panel, HEK293T cells were cotransfected with a plasmid encoding Cdc25a, followed by its native 3=UTR with either a miR-UL22A-expressing control plasmid (4 g) or a miR-21-expressing plasmid (2 or 4 g). For the right panel, HEK293T cells were cotransfected with miR-21-expressing plasmid (4 g) with either pCDH-Cdc25aϩWT-3=UTR-GFP (2 g) or pCDH-Cdc25aϩMT-3=UTR-GFP (2 g). Cdc25a protein levels were determined by Western blotting. Protein levels relative to miR-UL22Atransfected control cells were determined by densitometry and are indicated below each blot. Actin serves as a loading control. (D) U-251MG cells were transduced with lentiviruses expressing Cdc25a without its native 3=UTR (Cdc25a) or empty vector control (Ctrl, pCDH-GFP) and Cdc25a was detected by Western blotting. Protein levels relative to Ctrl-transduced cells were determined by densitometry and are indicated below each blot. Actin serves as a loading control. (E) Lentivirus-transduced U-251MG cells (Ctrl and Cdc25a) were infected with HCMV at an MOI of 1, and viral and cellular proteins were detected by Western blotting at the indicated times postinfection. Protein levels relative to Ctrl were determined by densitometry and are indicated below each blot. Actin serves as a loading control. (F) Titers of infectious virus in the culture supernatants at 72 hpi were determined by plaque assay. The fold differences are indicated. Luciferase and virus titer results are means Ϯ 1 SD of data from three independent experiments, each conducted in triplicate. *, P Ͻ 0.05; **, P Ͻ 0.01.
(pGL3cM-CCNE2-3=UTR). The reporter plasmids pGL3cM-Cdc25a-3=UTR or pGL3cM-CCNE2-3=UTR were cotransfected with one of two effector plasmids: (i) pCDH-miR-21-GFP, a miR-21-expressing plasmid, or (ii) pCDH-miR-UL22A, a plasmid expressing control microRNA miR-UL22A. The expression of miR-21 specifically and significantly reduced luciferase expression from pGL3cM-Cdc25a-3=UTR (which contains the Cdc25a 3=UTR) but not from the control plasmid pGL3cM-CCNE2-3=UTR (which contains the control 3=UTR) (Fig. 4B) . In a similar experiment, Cdc25a expression was measured by Western blotting after transfection of HEK293T cells with a reporter plasmid encoding Cdc25a with its native 3=UTR (pCDH-Cdc25aϩWT-3=UTR-GFP). When cells were cotransfected with either the miR-21-expressing plasmid (pCDH-miR-21-GFP) or a plasmid expressing miR-UL22A as a control miRNA (pCDH-miR-UL22A), miR-21 expression resulted in significantly less expression of Cdc25a protein (Fig. 5C, left) . To further confirm miR-21 regulates Cdc25a expression through its 3=UTR, the miR-21 target seed sequence in WT-3=UTR of plasmid pCDH-Cdc25aϩWT-3=UTR-GFP was mutated as shown in Fig. 4A to make plasmid pCDH-Cdc25aϩMT-3=UTR-GFP. HEK293T cells were cotransfected with pCDH-miR-21-GFP, along with either pCDH-Cdc25aϩ WT-3=UTR-GFP or pCDH-Cdc25aϩMT-3=UTR-GFP. Cdc25a protein expression was significantly increased by the mutation in the 3=UTR (Fig. 4C, right) . These experiments confirm that Cdc25a is downregulated by miR-21 and show that the 3=UTR from Cdc25a is necessary in cis for miR-21 inhibition.
To evaluate the impact of Cdc25a on HCMV replication, U-251MG cells were transduced with an empty vector control lentivirus (pCDH-GFP) or a lentivirus expressing Cdc25a without the 3=UTR. Cells transduced with the latter exhibited 5.6-fold-higher levels of Cdc25a protein compared to control-transduced cells (Fig. 4D) . Control-and Cdc25a-U-251MG cells were next infected with HCMV at an MOI of 1 and viral protein levels and infectious virus yield were determined at different times after infection. IE1, UL44, and gB levels were 2-to 13.4-fold higher in HCMV-infected Cdc25a-U-251MG cells than in control cells (Fig. 4E) . At 72 hpi the culture supernatant of HCMV-infected Cdc25a-U-251MG cells contained 2.6-fold-larger amounts of infectious virus than that of control cells (Fig. 4F) . These results confirm that increased amounts of Cdc25a promote HCMV replication.
If the hypothesis that miR-21 inhibits HCMV replication by targeting Cdc25a is correct, then cells expressing Cdc25a from an ectopic (lentiviral transduced) gene cassette lacking the 3=UTR miR-21 target sequence (pCDH-Cdc25a-GFP) should be insensitive to miR-21-mediated downregulation of Cdc25a, and such cells should not exhibit significant inhibitory effects on HCMV replication associated with the overexpression of miR-21. To test this prediction, control cells or U-251MG cells overexpressing miR-21 were further transduced with pCDH-Cdc25a-GFP, resulting in CtrlϩCdc and 21ϩCdc cells. Western blotting results confirmed upregulation of Cdc25a that was insensitive to miR-21 ( Fig. 5A) . When cells were infected with HCMV, Cdc25a overexpression resulted in increased levels of IE1 and UL44 at 24, 48, and 72 hpi. However, while overexpression of miR-21 inhibited IE1 and UL44 expression at 24 hpi, these effects were overcome in the context of Cdc25a overexpression; Cdc25a-transduced cells exhibited higher levels of IE1 and UL44 at all time points, and concomitant overexpression of miR-21 had no obvious inhibitory effects (Fig. 5B) . Taken together, these results support the hypothesis that miR-21 inhibits HCMV replication by targeting Cdc25a; this, in turn, implies that downregulation of miR-21 at early times of infection serves to promote HCMV replication by increasing Cdc25a levels.
Overexpression of miR-21 impairs HCMV entry. High levels of miR-21 could impair IE protein expression either directly by influencing the efficiency of IE transcription/translation, or indirectly by reducing the number of cells successfully infected by HCMV. HCMV entry can be measured indirectly by the number of IE-positive cells at early times after infection (61) . To determine whether miR-21 overexpression impacts virus entry, synchronous miR-21 expressing U-251MG cells (miR-21-U-251MG cells, 100% GFP positive) or miR-UL22A-expressing control cells (100% GFP positive) were infected with HCMV at an MOI of 0.5 or 5 and stained for IE1 expression at 12, 24, and 48 hpi (Fig. 6A ). Total and IE1positive cells were counted, and the percentages of positive cells were calculated. At both MOIs, overexpression of miR-21 resulted in significantly fewer IE1-positive cells at 24 and 48 hpi (P Ͻ 0.05) (Fig. 6B) .
To confirm that these results are a consequence of entry and not postentry inhibition of IE1 expression, viral entry was further assessed by measuring levels of cell-associated pp65. This protein is an abundant component of virions and can be detected in cells immediately upon viral entry even in the absence of viral gene expression. Synchronous miR-21-U-251MG cell cultures or miR-UL22A-expressing control cells were infected for 1 h with HCMV at MOIs of 5 and 10 and then washed extensively three times with phosphate-buffered saline (PBS) to remove unattached viral particles. The levels of cell-associated pp65 at 1 hpi were determined by Western blotting. As shown in Fig. 6C , at either MOI the on HCMV gene expression. (A) U-251MG cells were transduced with lentiviruses that overexpress miR-21 (21) or miR-UL22A (Ctrl). Portions of these cells were further transduced with a lentivirus encoding Cdc25a without its 3=UTR (CtrlϩCdc and 21ϩCdc). Cdc25a protein levels were determined by Western blotting; short and long exposures of the same blot are shown. (B) Transduced cells were infected with HCMV at an MOI of 0.5, and viral and cellular proteins were detected by Western blotting at the indicated times postinfection. Actin serves as a loading control. amount of pp65 deposited into cells by entering viral particles was ca. 40% lower in miR-21-U-251MG cells compared to controls. These results indicate that overexpression of miR-21 reduces the efficiency of HCMV entry.
HCMV IE1, pp71, and UL26 proteins downregulate miR-21. The above studies indicate that miR-21 negatively impacts HCMV replication and that from very early times of infection HCMV actively downregulates miR-21 levels. Possible viral effectors include the IE gene products such as IE1 and IE2, which are abundantly expressed and localize to the nucleus within 2 h of infection, or virion components such as pp65, pp71, and UL26, which are carried into cells by infecting virions. To determine whether IE1, IE2, pp65, pp71, or UL26 can impact miR-21 levels, U-251MG cells were transduced with lentiviruses expressing each protein. Since no UL26 antibody was available, the UL26 ORF was modified to include a flag tag epitope. At 48 hpt, Ͼ95% of cells in transduced cultures were GFP positive (not shown). The expression of each transgene was confirmed by Western blotting (Fig. 7A ). Mature miR-21 levels in transduced cell populations were quantitated by qRT-PCR. IE2 and pp65 had no effect on miR-21 levels, whereas IE1, pp71, and UL26 suppressed miR-21 levels by 23, 20, and 46%, respectively (Fig. 7B) .
To determine whether these effects were mediated at the transcriptional level, HEK293T cells were cotransfected with a reporter plasmid encoding luciferase under the control of the miR-21 promoter paired with effector plasmids expressing IE1, IE2, pp71, or UL26. Luciferase activities were determined at 48 h posttransfection when cultures were Ͼ90% GFP positive. Cotransfection with plasmids encoding IE1, pp71, or UL26 reduced luciferase activities by 55, 42, and 80%, respectively, relative to cotransfection with the IE2-expressing plasmid (Fig.  7C) . These results suggest that downregulation of miR-21 at the early stages of HCMV infection may be attributable to viral IE1, pp71, or UL26 proteins.
To further determine whether a virion component induced downregulation of miR-21, synchronized U251-MG cells were exposed to UV-inactivated HCMV equivalent to an MOI of 10, and mature miR-21 levels were determined by qRT-PCR immediately and 2 h later. As shown in Fig. 7D , the exposure of cells to UVinactivated HCMV for 2 h reduced miR-21 to 70% of that in mock-treated cells, indicating that virion components participate in miR-21 downregulation, at least at very early times after infection.
DISCUSSION
HCMV is a ubiquitous pathogen that establishes a lifelong infection in the host after primary infection. Both primary and recurrent infection can lead to congenital infection, and both result in significant birth defects in newborns. Outcomes are usually more severe when congenital infection is acquired from primary maternal infection during pregnancy. This multifaceted infection uses multiple regulation pathways to modulate viral replication.
Many viruses use viral or cellular miRs to modify cell cycle control and other pathways important for viral replication (41, (73) (74) (75) . For example, miR-BART2, encoded by EBV, inhibits EBV lytic replication by targeting the viral DNA polymerase, BALF5 (76); the KSHV-encoded miRs miR-K12-7-5p, miR-K1, and miR-K3 play roles in the regulation of viral replication by targeting RTA, the viral transcriptional activator (77) (78) (79) ; and HCMVencoded miR-UL112-1 suppresses the expression of HCMV IE proteins, especially IE1, which in turn inhibits HCMV replication (80) . HCMV-encoded miR-US25-1 targets cell cycle regulators, including cyclin E2 (39) , and inhibits the replication of HCMV (81) . HCMV miRs UL112-1, US5-1, and US5-2 target host secretory pathways to favor virion assembly (82) . Cellular miRs such as miR-100 and miR-101 regulate virus infections (48, 75, 83) via interaction with mTOR/raptor, a component of the mTOR pathway (41) . Our present study provides the first demonstration that the cellular miRNA miR-21 attenuates HCMV infection by targeting Cdc25a, a known cell cycle regulator.
Previous studies using whole-genome expression or miRNA microarray analysis found that miR-21 is downregulated by HCMV infection in both NPCs and fibroblasts (41, 50) . In the present study quantitative methods were used to determine expression levels of miR-21 in both neural origin cells (NPCs) and U-251MG cells before and after HCMV infection. The results confirmed the previous reports and further showed that in both cell types miR-21 is downregulated immediately upon infection (2 hpi) and remains suppressed throughout infection (Fig. 1) . It is possible that miR-21 downregulation is an indirect consequence of HCMV perturbation of cell cycle, but the rapidity of downregulation (2 hpi) suggests this is unlikely. In NPCs miR-21 downregulation is rapid, whereas in U-251MG cells miR-21 declines more gradually. The latter results may reflect the delayed/protracted replication of HCMV in these cells. From these results we inferred that miR-21 may have an inhibitory effect on HCMV replication. This was confirmed by the overexpression of miR-21, which decreased viral gene expression, viral genome replication, and the production of infectious progeny in both NPCs and U-251MG cells (Fig. 2) . Conversely, knockdown of miR-21 increased the levels of viral proteins IE1 and UL44 (Fig. 4) , further supporting the hypothesis that miR-21 inhibits viral replication.
In contrast, Cdc25a expression levels increased during HCMV infection (Fig. 1, 2, and 3 ) and upon knockdown of miR-21 expression ( Fig. 3 ). Both overexpression of ectopic Cdc25a and increased endogenous Cdc25a expression by miR-21 knockdown augmented HCMV replication, further suggesting that, upon in-fection, HCMV increases Cdc25a levels to promote more efficient viral replication (Fig. 4) . Given that Cdc25a and miR-21 are inversely regulated during HCMV infection and that Cdc25a is a known miR-21 target (56), it seems that miR-21's inhibitory effects on HCMV replication are mediated at least in part by its ability to downregulate expression of Cdc25a. Consistent with this, the negative effects of miR-21 expression on viral gene expression were overcome by overexpression of Cdc25a (Fig. 5 ). Thus, HCMV inhibits miR-21 as a means to enhance Cdc25a levels, which may benefit viral replication by promoting cells to enter G 1 /S transition. However, miR-21 also targets other cell cycle regulators such as PDCD4 and PTEN (53) (54) (55) (56) , and their roles in HCMV replication have not been evaluated.
Manipulation of cell cycle benefits HCMV replication at later stages (e.g., enhancing viral DNA synthesis in the nucleus). As shown in Fig. 2C , significant differences in viral DNA replication were observed at times coincident with increases in CDC25a levels. However, overexpression of miR-21 prior to HCMV infection had a significant effect on IE1 protein expression as early as 8 hpi (Fig. 2B) , and miR-21 was downregulated as early as 2 h after HCMV infection. This prompted evaluation of the effects of miR-21 overexpression on HCMV entry. We observed that overexpression of miR-21 resulted in fewer IE1-positive cells and reduced amounts of cell-associated pp65 shortly (1 hpi) after HCMV infection (Fig. 6) . These results indicate that miR-21 also affects viral entry. Whether miR-21's impact on HCMV entry is also associated with Cdc25a perturbation of cell cycle regulation, or other pathways, remains to be determined.
The effects of miR-21 overexpression on HCMV gene expression and genome replication manifest at early times of infection and are largely gone by 96 hpi (Fig. 2) . This suggests that the repressive effects of endogenous and even ectopic miR-21 can in time be overcome by a counteracting viral mechanism. The rapidity of miR-21 downregulation in infected NPCs implies that this lentiviruses expressing IE1, IE2, pp65, pp71, or UL26. The levels of each protein were determined by Western blotting. Actin serves as a loading control. (B) miR-21 levels in transduced cells were quantified by qRT-PCR and expressed as fold differences relative to Ctrl-transduced cells. (C) HEK293T cells were cotransfected with a reporter plasmid encoding luciferase under the control of the miR-21 promoter with plasmids expressing IE1, IE2, pp71, or UL26. The luciferase activities were measured at 48 h posttransfection and are expressed as fold differences relative to IE2-transfected cells. (D) U-251MG cells were mock treated (M) or exposed to UV-inactivated HCMV equivalent to an MOI of 10 (UV). miR-21 levels were determined by qRT-PCR immediately (0 h) or after 2 h of exposure and expressed as fold differences relative to mock-treated cells. Luciferase and qRT-PCR results are means Ϯ 1 SD of data from three independent experiments, each conducted in triplicate. *, P Ͻ 0.05; **, P Ͻ 0.01. may be mediated by virion-associated factors deposited into the cells upon entry or by viral IE proteins that are rapidly expressed after infection. Using transient transfections, we found that the viral IE1 protein and two tegument proteins, pp71 and UL26, have the capacity to downregulate miR-21 expression. Furthermore, the exposure of cells to UV-inactivated HCMV confirmed that virion-associated factors can rapidly reduce miR-21 levels (Fig. 7) . However, that this downregulation is not as complete as that induced by live virus infection at later times suggests that de novosynthesized factors expressed during viral replication also play a role in miR-21 downregulation. Such mechanisms require further elucidation.
Proposed interactions between HCMV, miR-21, and Cdc25a are summarized in Fig. 8 . HCMV infection results in the deposition of virion-associated pp71 and UL26, as well as de novo synthesis of IE1. These and perhaps other viral factors contribute to downregulation of miR-21 at very early times; decreased miR-21 levels result in increased expression of Cdc25a, which in turn modulates the cell cycle to enhance HCMV replication (Fig. 8A) . In cells overexpressing miR-21, Cdc25a levels are depressed and viral entry is inefficient; at later times of infection, decreased Cdc25a levels may also contribute to a cellular environment that is unfavorable for HCMV replication (Fig. 8B) . How Cdc25a promotes HCMV replication and whether miR-21 targets viral genes to directly regulate HCMV infection remain to be further investigated.
HCMV infections during fetal development often result in devastating neural damage and neural developmental disorders (16) (17) (18) . Although the pathogenesis of HCMV in this setting is not well understood, damage is presumed to occur from active viral replication in neuronal cells, including NPCs. The data presented here expand our understanding of HCMV replication in cell types relevant to neuropathogenesis and could potentially lead to novel therapeutic interventions targeting viral replication.
In addition to congenital disease in newborns, accumulating evidence suggests that HCMV DNA and a subset of viral proteins are present in malignant glioblastoma in adults and young children (84, 85) . Whether viral replication occurs in these tumors has not been firmly established, although recent clinical evidence suggests that antiviral therapy targeting viral replication helps to prolong glioblastoma patient survival (86) . The studies presented here, conducted in the glioma cell line U-251MG, may have implications toward further understanding HCMV's role in malignant glioblastoma. For example, Cdc25a, an oncoprotein, promotes G 1 -to-S progression (57, 58) and is overexpressed in many cancers (56) (57) (58) 87) , including colon cancer (56) and glioma (87) . HCMV proteins such as IE1, which is frequently detected in glio-blastoma tissues, can inhibit miR-21 expression and thereby presumably increase Cdc25a levels. These results suggest one potential mechanism by which HCMV might contribute to gliomagenesis or pathogenesis.
Taken together, our findings indicate that HCMV downregulates miR-21 to amplify Cdc25a and hence modifies the intracellular environment to benefit its replication. Virion-associated factors and perhaps the viral proteins IE1, pp71, and UL26 function to downregulate miR-21 at early times of infection. Thus, miR-21 appears to be an intrinsic antiviral molecule that also targets Cdc25a, an oncogene, and may represent a new therapeutic target for HCMV-associated tumors.
